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rrStakedll Stacked Display with Shared Electrode Addressing 

[0001]This application was made in part with United States Government 
support under cooperative agreement DAAB07-03-C-J406 awarded by the Defense 
Advanced Research Projects Agency (DARPA). The government has certain rights 
in this invention. 

RELATED APPLICATIONS: 

[0002] This roau l a r The present application is a 371 of U.S. Patent 
Application No. PCT/US2005/003141. which was published in English on September 
9. 2005. which is a continuation of U.S. patent applications Ser. No. 11/006,100, filed 
December 7, 2004 (hereinafter "Flexible Display Application")[[;]] and 10/782,461, 
filed February 19, 2004 ^; and "Liqu i d Crystal D i op l ay Films," f i lod January 28, 2005, 
Attorney Dockot No. 36Q69WO (horoinaftor "Display Films App li cat i on"), all of w hich 
are incorporated herein by reference in their entireties. 

FIELD OF THE INVENTION: 

[0003] This application relates generally to driving a layered liquid 
crystal display. 

[0004] More specifically, this application relates to a color display 
utilizing layered bistable liquid crystals with shared electrode addressing. 

BACKGROUND OF THE INVENTION: 

[0005] Bistable displays that do not require continuous voltage 
application to maintain their state are becoming particularly important in low power 
applications. Various technologies can be utilized to provide bistable displays, 
including, but not limited to: Cholesteric Liquid Crystal Displays (ChLCD); 
Electrophoretic Displays; Bi-Stable STN Displays; Bi-Stable TN Displays; Zenithal 
Bi-Stable Displays; Bi-Stable Ferroelectric Displays (FLCD); Anti-Ferroelectric 
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Displays; Interferometric Modulator Display (IMoD); and Gyricon displays (oil-filled 
cavity, beads are "bichromal," and charged). 

[0006] In particular, bistable reflective cholesteric liquid crystals 
(ChLCs) have been of great interest in the last several years because of their 
excellent optical properties and low power advantage. Two major ChLC drive 
schemes are known to be available at this time: (1) conventional drive and (2) 
dynamic drive. Typically, ChLC displays (ChLCDs) require drive voltages around 
40V. High multiplex, off-the shelf (OTS) STN-LCD drivers can accommodate this 
requirement for a conventional drive. However, off-the-shelf drivers for commercial 
dynamic drive ChLCDs would be beneficial. 

[0007] Further, the development of purely reflective display 
technologies enables a very power efficient display module in that backlighting of the 
display is not necessary. However, this type of system is severely challenged in 
achieving full color. Typical display technologies achieve full color imaging through 
the use of individual red, green and blue (RGB) pixels that are typically patterned 
side-by-side rather than on top of one another. Resulting color images are obtained 
by allowing light through the appropriate pixels. 

[0008] For example, if the RGB sub-pixel sizes are about equal, a 
purely red image will be created by turning on the red sub-pixels, and turning the 
green and blue sub-pixels off. Purely blue and green colors are likely generated by 
activating only those color pixels. Other colors are generated by using combinations 
of the primary pixel colors in various shades, for example. 

[0009] However, the above implementation can result in very poor 
performance when applied to purely reflective technologies such as Cholesteric 
LCDs (ChLCDs). In such cases, the amount of light reflected from the desired color 
may not be of sufficient intensity to overcome the effects of the neighboring pixels 
that are not reflecting. These types of reflective systems can result in total reflectivity 
of around 2/3 less than a single pixel of comparable size as the three RGB pixel, 
because the amount of surface area available for reflecting light is reduced by 
dividing the pixel area into sub-pixels. This may result in images that are below 
desirable contrast and brightness levels. 
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[0010] In addition, it can be physically challenging to accommodate the 
packaging and interconnects of the three sets of drive electronics to the LCD. 
Modern display drive electronics have evolved to offer dual-mode drive electronics, 
i.e., display drivers that can function as both a row driver and a column driver 
depending upon mode configuration. However, previously a single driver IC could 
not perform both row and column functionality at one time. 

[0011] Examples of color imparting layers are provided in U.S. Pat. No. 
5,493,430, entitled "Color, Reflective Liquid Crystal Displays," which is incorporated 
herein by reference in its entirety. Application Ser. No. 09/329,587, filed on Jun. 10, 
1999 entitled "Stacked Color Liquid Crystal Display Device," is also incorporated 
herein by reference in its entirety. 

[0012] Co-pending application serial number 10/782,461, filed on 
February 19, 2004 incorporated herein by reference, discloses a configurable driver 
IC that can utilize a single IC to drive both row and column electrodes concurrently, 
or that can be cascaded with additional driver ICs to provide a flexible display driver 
solution. It would be useful to provide a display that can utilize such a driver to 
simplify the driving scheme. 

DISCLOSURE OF THE INVENTION: 

[0013] The present invention is directed to a liquid crystal display 
having a plurality of stacked layers including a plurality of layers of liquid crystal 
material each having opposing surfaces. A plurality of electrically conductive layers 
are disposed so as to be located near both of the opposing surfaces of the liquid 
crystal layers, wherein only one of the electrically conductive layers is disposed 
between adjacent liquid crystal layers. Drive electronics are adapted to apply the 
same voltages pulses to adjacent liquid crystal layers along the only one electrically 
conductive layer. 

[0014] More specifically, the drive electronics includes one driver 
corresponding to each of the electrically conductive layers. The driver may comprise 
multiple drive chips. The liquid crystal material comprises regions of liquid crystal 
dispersed in a polymer matrix. The liquid crystal material comprises bistable 
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cholesteric liquid crystal. Electrode lines of one of the electrically conductive layers 
are arranged perpendicular to electrode lines of an adjacent one of the electrically 
conductive layers. The display is comprised of a plurality of pixels, with each pixel 
including a sub-pixel from each of the plurality of layers of liquid crystal material. 
When a pixel is to be updated, the sub-pixels are addressed in sequence, such that 
while one sub-pixel is addressed to impose a brightness state change on that sub- 
pixel the remaining sub-pixels of that pixel are simultaneously addressed to maintain 
their current brightness state. The display may include only a single substrate on 
which the layers of the display are supported. 

[0015] Yet another aspect of the invention features a liquid crystal 
display comprising: a first liquid crystal layer comprising liquid crystal that is bistable 
in an absence of an electric field; a second liquid crystal layer comprising liquid 
crystal that is bistable in an absence of an electric field stacked upon the first liquid 
crystal layer; only a single electrode layer disposed between the first and second 
liquid crystal layers; and drive electronics electrically connected to the single 
electrode layer adapted to address both the first liquid crystal layer and the second 
liquid crystal layer with the same voltage pulses. The first and second liquid crystal 
layers comprise a dispersion of liquid crystal material (e.g., bistable cholesteric liquid 
crystal material) in a polymer matrix. 

[0016] Another aspect of the invention is a stacked liquid crystal display 
sequentially comprising the following stacked layers: a top electrode layer of 
electrodes; a first liquid crystal layer; an upper middle electrode layer of electrodes; a 
second liquid crystal layer; a lower middle electrode layer of electrodes; a third liquid 
crystal layer; a bottom electrode layer of electrodes, and a shared electrode 
addressing construction in which the upper middle electrode layer is adapted to 
enable driving of the first liquid crystal layer and the second liquid crystal layer and 
the lower middle electrode layer is adapted to enable driving of the second liquid 
crystal layer and the third liquid crystal layer. 

[0017] More specifically, the display is adapted as follows. A reflective 
state of a portion of the first liquid crystal layer corresponding to a pixel of the display 
is changed by providing a first non-zero voltage difference between an electrode of 
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the top electrode layer and an electrode of the upper middle electrode layer. A 
reflective state of the portion of the first liquid crystal layer is maintained by providing 
a voltage difference less than a voltage threshold needed to change the reflective 
state of the liquid crystal between the top electrode layer and the upper middle 
electrode layer. A reflective state of a portion of the second liquid crystal layer also 
corresponding to the pixel of the display is changed by providing a second non-zero 
voltage difference between an electrode of the upper middle electrode layer and an 
electrode of the lower middle electrode layer. A reflective state of a portion of the 
third liquid crystal layer also corresponding to the pixel of the display is changed by 
providing a third non-zero voltage difference between an electrode of the lower 
middle electrode layer and an electrode of the bottom electrode layer. The reflective 
states of the portions of the first, second and third liquid crystal layers all 
corresponding to the pixel of the display are updated sequentially in time to update a 
state of the pixel. Alternatively, the reflective states of two of the portions of the first, 
second and/or third liquid crystal layers each corresponding to the pixel of the 
display can be updated concurrently in time to at least partially update a state of the 
pixel. Each of the liquid crystal layers may comprise a dispersion of cholesteric 
liquid crystal in a polymer matrix. 

[0018] In particular, one aspect of the display is adapted as follows. A 
reflective state of a portion of the first liquid crystal layer corresponding to a pixel of 
the display is changed by providing a voltage difference between an electrode of the 
top electrode layer and an electrode of the upper middle electrode layer. A reflective 
state of a portion of the second liquid crystal layer corresponding to the pixel of the 
display is changed by providing a voltage difference between an electrode of the 
upper middle electrode layer and an electrode of the lower middle electrode layer. A 
reflective state of a portion of the third liquid crystal layer corresponding to the pixel 
of the display is changed by providing a voltage difference between an electrode of 
the lower middle electrode layer and an electrode of the bottom electrode layer. The 
foregoing enables updating a reflective state of the pixel of the display. 

[0019] Still further, the display is adapted as follows. A threshold 
voltage is needed to change a reflective or brightness state of the liquid crystal. A 



Substitute Specification 
(Marked-Up Version) 

Atty. Docket No. 36398US1 
Page 6 of 31 

reflective state of the portion of the first liquid crystal layer is maintained by providing 
a voltage difference between the electrode of the top electrode layer and the 
electrode of the upper middle electrode layer below the threshold voltage. A 
reflective state of the portion of the second liquid crystal layer is maintained by 
providing a voltage difference between the electrode of the upper middle electrode 
layer and the electrode of the lower middle electrode layer below the threshold 
voltage. A reflective state of the portion of the third liquid crystal layer is maintained 
by providing a voltage difference between the electrode of the lower middle electrode 
layer and the electrode of the bottom electrode layer below the threshold voltage. 

[0020] More specifically, the display is further adapted such that the 
reflective states of two or more of the portions of the first, second, and third liquid 
crystal layers are updated sequentially in time. Alternatively, the reflective states of 
two or more of the portions of the first, second, and third liquid crystal layers are 
updated concurrently in time. The electrodes (e.g., electrode lines) of one of the 
electrode layers are arranged perpendicular to the electrodes (e.g., electrode lines) 
of an adjacent one of the electrode layers. 

[0021] Another aspect of the invention is directed to a stacked liquid 
crystal display comprising: a top electrode layer of electrodes; an upper middle 
electrode layer of electrodes; a first liquid crystal layer sandwiched between the top 
electrode layer and the upper middle electrode layer; a lower middle electrode layer 
of electrodes; a second liquid crystal layer sandwiched between the upper middle 
electrode layer and the lower middle electrode layer; a bottom electrode layer of 
electrodes; and a third liquid crystal layer sandwiched between the lower middle 
electrode layer and the bottom electrode layer. 

[0022] In particular, a pixel of the display described in the preceding 
paragraph includes a portion of the first liquid crystal layer adapted to be addressed 
by the combination of an electrode of the top electrode layer and an electrode of the 
upper middle electrode layer. The pixel of the display further includes a portion of 
the second liquid crystal layer adapted to be addressed by the combination of an 
electrode of the upper middle electrode layer and an electrode of the lower middle 
electrode layer. The pixel of the display further includes a portion of the third liquid 
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crystal layer adapted to be addressed by the combination of an electrode of the 
lower middle electrode layer and an electrode of the bottom electrode layer. In 
particular, a brightness state of the pixel is updated by addressing the portions of the 
liquid crystal layers in sequence. The total number of the plurality of outputs 
necessary to drive the display is less than the total number of electrodes in the 
electrode layers. 

[0023] Another aspect of the invention features a stacked liquid crystal 
display comprising: a top electrode layer of electrodes and an upper middle 
electrode layer of electrodes. A first liquid crystal layer is sandwiched between the 
top electrode layer and the upper middle electrode layer. A brightness state of a 
portion the first liquid crystal layer corresponding to a pixel of the display is changed 
by providing a non-zero voltage difference between an electrode of the top electrode 
layer and an electrode of the upper middle electrode layer. A brightness state of the 
portion of the first liquid crystal layer is maintained by providing substantially no 
voltage difference between the electrode of the top electrode layer and the electrode 
of the upper middle electrode layer. The display also includes a lower middle 
electrode layer of electrodes. A second liquid crystal layer is sandwiched between 
the upper middle electrode layer and the lower middle electrode layer. A brightness 
state of a portion of the second liquid crystal layer corresponding to the pixel of the 
display is changed by providing a non-zero voltage difference between an electrode 
of the upper middle electrode layer and an electrode of the lower middle electrode 
layer. A brightness state of the portion of the second liquid crystal layer is 
maintained by providing substantially no voltage difference between the electrode of 
the upper middle electrode layer and the electrode of the lower middle electrode 
layer. Also included is a bottom electrode layer of electrodes. A third liquid crystal 
layer is sandwiched between the lower middle electrode layer and the bottom 
electrode layer. A brightness state of a portion of the third liquid crystal layer 
corresponding to the pixel of the display is changed by providing a non-zero voltage 
difference between an electrode of the lower middle electrode layer and an electrode 
of the bottom electrode layer. A brightness state of the portion of the third liquid 
crystal layer is maintained by providing substantially no voltage difference between 
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the electrode of the lower middle electrode layer and the electrode of the bottom 
electrode layer. The pixel is formed by a stacked (e.g., vertical) arrangement of the 
portions of the first, second, and third liquid crystal layers such that a color of the 
pixel is formed by light reflecting from all of the portions of the first, second, and third 
liquid crystal layers. A brightness state of the pixel of the display is updated by 
changing and/or maintaining the brightness states of the portions of the first, second, 
and third liquid crystal layers sequentially or concurrently. More specifically, one or 
more of the first, second, and third liquid crystal layers include a cholesteric liquid 
crystal material. 

[0024] Another aspect of the present invention features a multi-layer 
stacked liquid crystal display film comprising a plurality of liquid crystal film layers 
and a plurality of electrode film layers for driving the plurality of liquid crystal film 
layers. All of the film layers are printed or coated in a stack upon each other. A pixel 
is formed from a portion of each of the plurality of liquid crystal layers, such that a 
color or shade of the pixel is formed by light reflecting from all of the portions of the 
plurality of liquid crystal layers. At least one of the plurality of electrode layers is 
adapted to enable driving of two adjacent liquid crystal layers. In particular, each of 
the portions of the plurality of electrode layers is driven sequentially in time to 
change or maintain the color of the pixel. 

[0025] Another aspect of the invention features a stacked display 
comprising a base substrate and a plurality of film layers printed or coated onto each 
other in a stack and supported on the substrate. The film layers comprise a plurality 
of conducting film layers and a plurality of liquid crystal dispersions film layers. Each 
of the liquid crystal dispersion layers comprises regions of liquid crystal material 
dispersed in a polymer matrix. The liquid crystal dispersion layers are separated by 
the conducting layers. At least one of the plurality of conducting layers is adapted to 
enable driving of two adjacent liquid crystal dispersion layers. In particular, flexible 
interconnects extend from each of the conducting film layers at a side of the display 
to conductors located on the substrate at the same side of the display. The plurality 
of liquid crystal dispersion layers includes at least three liquid crystal dispersion 
layers and the liquid crystal material includes bistable cholesteric liquid crystal 
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material. The plurality of liquid crystal dispersion layers may include at least six 
liquid crystal dispersion layers and the liquid crystal material in the display includes 
bistable cholesteric liquid crystal material. 

[0026] Another aspect features a liquid crystal display comprising: a 
first liquid crystal layer comprising liquid crystal that is bistable in an absence of an 
electric field; a second liquid crystal layer comprising liquid crystal that is bistable in 
an absence of an electric field stacked upon the first liquid crystal layer, wherein the 
liquid crystal is a dispersion of liquid crystal in a polymer matrix; a first electrode 
layer disposed between the first and second liquid crystal layers; a second electrode 
layer disposed between the first and second liquid crystal layers; electrical 
interconnects that electrically connect the first and second electrode layers together 
in parallel; and drive electronics electrically connected to the electrical interconnects 
adapted to address both of the first and second liquid crystal layers with the same 
voltage pulses. More specifically, the liquid crystal material is a dispersion of liquid 
crystal (e.g., bistable cholesteric liquid crystal material) in a polymer matrix. The 
liquid crystal layers may reflect visible and infrared light. 

[0027] It should be appreciated that the liquid crystal display of the 
invention may include various numbers of liquid crystal layers, electrically conductive 
layers and drivers. That is, even though only a certain number of liquid crystal 
layers, electrically conductive layers and drivers are described in a particular display 
(e.g., three liquid crystal layers and a suitable number of electrically conductive 
layers and drivers), the invention also encompasses additional liquid crystal layers, 
corresponding electrically conductive layers and drivers (e.g., 6 or more liquid crystal 
layers and a suitable number of electrically conductive layers and drivers). 

[0028] Many additional features, advantages and a fuller understanding 
of the invention will be had from the accompanying drawings and the detailed 
description that follows. It should be understood that the above Disclosure of the 
Invention describes the invention in broad terms while the following Detailed 
Description describes the invention more narrowly and presents specific 
embodiments which should not be construed as necessary limitations of the 
invention as defined in the claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS: 

[0029] Figure 1 shows a schematic of a top view 1A, a side view 1B, 
and a front view 1 C of a single layer for a typical Liquid Crystal Display; 

[0030] Figure 2 shows a schematic of a top view 10A, a side view 10B, 
and a front view 10C of a stack of 3 layers of Figure 1 for a typical Liquid Crystal 
Display; 

[0031] Figure 3 shows a schematic of a top view 20A, a side view 20B, 
and a front view 20C of a stack of 3 layers of a modified Liquid Crystal Display 
according to one aspect of the invention; 

[0032] Figure 4 shows a schematic of a side view of another aspect of 
the invention, with three LC layers sandwiched between four electrode layers, 
eliminating two of the electrode layers of Fig. 3; 

[0033] Figure 5 shows a schematic of a side view of still another aspect 
of the invention, where the electrodes are arranged in alternating "rowTcolumn" 
format; 

[0034] Figure 6 shows a schematic of a sequence of side views of the 
aspect of the invention of Figure 5, showing the addressing of each layer of the 
display in sequence; 

[0035] Figure 7A shows a schematic of a side view of a display system 
of an aspect of the invention manufactured using a layer deposition process; 

[0036] Figure 7B is a schematic of an exploded view of Fig. 7A; 

[0037] Figure 8 is a schematic of an exploded view of a modified 
version of the display of Figures 7A and 7B; 

[0038] Figure 9 is a schematic of an overhead view of the substrate 
69A with lower electrode layer 54B; 

[0039] Figure 10 is a schematic view of an interconnection method of 
one aspect of the invention of figure 9; 

[0040] Figure 1 1 is a schematic view of another interconnection method 
of another aspect of the invention of figure 9; and 
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[0041] Figure 12 shows an example sequence of drive voltages for 
driving the display according to the invention. 

DETAILED DESCRIPTION: 

[0042] Reflective display technologies, such as liquid crystal (LC) 
display materials, and especially those that utilize bistable liquid crystal material, can 
compensate for some or all of the above-identified problems by developing methods 
of stacking (or layering) displays of different color characteristics to achieve color 
pixilation that is not reduced as in the case of spatial distribution of the pixels in one 
plane. The stacking of bistable LC materials such as ChLCs, for example, is a viable 
way to produce full color display systems. Reference in this disclosure to "bistable" 
displays encompasses "multistage" displays that exhibit various stable gray scale 
levels between the fully reflective or bright (planar) state and the fully nonreflective or 
dark (focal conic) state. 

[0043] Stacking the LC materials such that electromagnetic radiation 
such as visible light travels successively through a number of layers of the LC 
material allows a pixel to be designed using a stack of differently colored sub-pixels, 
instead of the traditional side-by-side colored subpixels. Thus, the inventive sub- 
pixels are layered or stacked on top of each other (e.g., vertically in multiple planes), 
rather than arranged side-by-side in one plane, to form each pixel, or character, line, 
arc, or other item, as the case may be. 

[0044] Stacking is particularly useful for bistable LC displays, because 
once a desired state has been obtained, the bistable LC will maintain that state with 
no voltage being applied (or with a net zero voltage field applied or when subjected 
to a non-zero voltage field that is less than the threshold voltage or minimum voltage 
at and above which the pixel changes state). This simplifies the voltage driving 
scheme, as will be apparent by the discussion below. 

[0045] The invention could be applied to other LC displays as well. For 
example, in traditional STN LC technologies, if the drive frequency is fast enough 
such that the LC state persists sufficiently long between updates, the proper color 
effects can still be achieved. Alternatively, complicated drive voltage schemes could 
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be provided that support state maintenance of LC layers, but at the cost of greater 
complexity. Accordingly, bistable displays are the most suitable for the stacking 
concept at this time, but are not the only LC technology that can be supported. 

[0046] The stacking of multiple display layers presents several 
problems associated with their cost. Of primary concern is the need for three 
complete sets of drive electronics, which could result in higher costs. In this regard, 
each display layer (one of which is shown in Fig. 1) requires a ledge of row drivers 3 
and an adjacent ledge of column drivers 4 that sandwich a liquid crystal (LC) layer 8, 
all between glass substrates 5. Electrode layers 6 and 7 would be connected to the 
row driver 3 and column driver 4, respectively. The electrode layers can each be 
provided on a substrate which might be one of the glass layers 5, or some other 
substrate such as plastic. 

[0047] The stacking of a plurality of the LC layers of Figure 1 embodies 
plural sets of drive electronics — one set for each display layer. Each set of drive 
electronics includes a corresponding bank of electronics on an edge of the substrate 
to provide row drive functionality and a bank of corresponding electronics on an 
adjacent edge of another substrate to provide column drive functionality. 

[0048] This approach can be visualized by imagining three individual 
LCDs (for the three primary colors red, green and blue) with edge mounted driver 
ICs stacked so that the pixel locations are vertically aligned, viewed from a top 12, as 
shown in the top view 10A of Figure 2. If each display color has one unit of column 
drivers and one unit of row drivers, the resulting stack will have six units of drive 
electronics. This is demonstrated in Figure 2 by showing an exemplary arrangement 
of banks 13A, 13B, 13C (row drivers) and 14A, 14B, and 14C (column drivers). 

[0049] The LC layers 18A, 18B, and 18C would be placed between the 
corresponding electrode layers. Thus, the first LC color layer 18A is between a 
corresponding pair of row and column electrode layers driven by row driver 13A and 
column driver 14A, respectively. The second LC color layer 18B is between a 
corresponding second pair of row and column electrode layers driven by row driver 
13B and column driver 14B, respectively. Finally, the third LC color layer 18C is 
between a third pair of corresponding row and column electrode layers driven by row 
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driver 13C and column driver 14C, respectively. As shown below, this design can be 
improved upon. 

[0050] To simplify the above design, it is possible to align the stack in 
different orientations by rotating the substrates in 90° increments about the 
horizontal axis and 180° increments about the vertical axis (flipped so the opposite 
side of the display is viewed). These degrees of freedom can allow a stacked 
configuration that has adjacent electrodes as shown in Figure 3. 

[0051] Using dual mode drivers that can be configured as either row or 
column driving mode (as described in co-pending application serial number 
10/782,461, filed on February 19, 2004, incorporated herein by reference), it is 
possible to reduce the number of drivers detailed in Figure 2 by connecting at least 
some pairs of the electrode layers in parallel and using a single driver for each of 
those connected electrode pairs. It will be appreciated that each driver may include 
multiple drive chips (e.g., two or more drive chips for driving the rows electrodes of 
one of the liquid crystal layers). Thus, the drivers labeled as 26A and 26B in Figure 
3 have each replaced a pair of the electrode drivers of Fig. 2 with a single driver 
entity by connecting the top and bottom of their respective substrates together so 
they drive in parallel. Accordingly, the LC layers 28A, 28B, and 28C are still between 
electrode layers (formed on or adjacent to substrate layers 25 in this particular 
design), and the middle electrode layers are connected together in pairs so as to be 
concurrently driven. The outer electrodes layers are still independent, and thus 
driven, in the given example, by row drivers 23A and 23C, respectively. Accordingly, 
the driver electronics are simplified. 

[0052] The above solution can be accomplished using standard 
interconnect material such as a flexible circuit bonded to the substrate or a zebra 
strip to connect the top and bottom of the substrates together and to a PCB. 

[0053] A further improvement of the above design is to make the 
display system such that the layer or substrate separating adjacent liquid crystal 
layers is so small that it becomes negligible or nonexistent. As the thickness of the 
substrate is reduced, the attenuation effect that the substrate has on the voltages 
can become negligible. This allows liquid crystal on both sides of the substrate to be 
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driven by the same voltage signals at the same time. This enables replacing two 
electrode layers between adjacent liquid crystal layers (e.g., 26A, 26B) with a single 
electrode layer between adjacent liquid crystal layers. 

[0054] Rather than using a conventional substrate (such as a glass 
substrate or thick plastic substrate that is much thicker than the liquid crystal layer) 
this embodiment could employ a conducting layer alone in the case where the 
individual display layers do not need added barrier properties due to their 
characteristic ability to inherently avoid chemical or molecular diffusion between 
adjoining layers. Barrier, isolation or electrically insulating layers can also be used 
between liquid crystal layers, e.g., on either side of electrically conducting layers. 
The stacked display system may be assembled using layer or thin film deposition 
processes (e.g., machine printing or coating film layers) as disclosed in the Flexible 
Display Application and the Display Films Application. 

[0055] This efficient system of the present invention is demonstrated in 
Figure 4. Three LC layers 31, 32, and 33 are sandwiched between four electrode 
layers 35, 36, 37, and 38, as shown in the figure. Thus, two electrode layers are 
eliminated in this inventive design compared to Fig. 3. 

[0056] Figure 5 shows the inventive design described above in more 
detail. The electrodes are arranged in alternating "rowTcolumn" format (i.e., parallel 
electrode lines in one electrode layer are orthogonal to parallel electrode lines in an 
adjacent electrode layer. Throughout this disclosure, the geometric designations 
"row" and "column" are arbitrary and thus, are interchangeable. The electrode "rows" 
and "columns" extend in a plane perpendicular to the page. References below to 
relative rotations of electrode layers, occur in that plane about an axis perpendicular 
thereto. It will also be appreciated that the drawings are not to scale. 

[0057] Figure 5 shows the top electrode layer 51 (made up of a series 
of "rows", for example, with a row traveling from left to right and thus across the 
figure). A clear coat or barrier or protective layer or layers 55 is optionally formed on 
the electrode layer 51 . This is followed by the first liquid crystal layer 31 . Each liquid 
crystal layer may be comprised of sublayers. The upper middle electrode layer 52 
follows the LC layer 31. An optional barrier and/or electrically insulating layer(s) are 
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formed between liquid crystal layers 31 and 32 on either side of the electrode layer 
52. The lines of electrodes in layer 52 are oriented at a rotation of 90 degrees with 
respect to the top electrode layer and thus would be a series of "columns", for 
example. The second LC layer 32 then follows the upper middle electrode layer 52, 
and is followed by the lower middle electrode layer 53. Optional barrier and/or 
electrically insulating layer(s) are formed between liquid crystal layers 32 and 33 on 
either side of electrode layer 53. The lines of electrodes in layer 53 are oriented at a 
rotation of 90 degrees with respect to the electrode layer 52 and thus, are 
perpendicular to the electrode line directions in layers 52 and 54 and parallel to the 
electrode line directions in top electrode layer 51. Finally, the third LC layer 33 
follows the electrode layer 53. Optional barrier and/or electrically insulating layer(s) 
are formed between the liquid crystal 33 and optional substrate 56 on either side of 
the electrode layer 54. The lines of electrodes in layer 54 are oriented at a rotation 
of 90 degrees with respect to the previous electrode layer 53 and thus, are parallel to 
the electrode lines of layer 52. The substrate 56 may be an integral part of the 
display that is fabricated with the other layers; it may have the other layers 51-54 and 
31-33 that were separately fabricated subsequently attached to it, or the substrate 56 
may be omitted entirely or replaced with a barrier or protective layer or layers. 

[0058] A substrate as defined herein is a structure that supports 
components of a liquid crystal display including a liquid crystal layer that is 
electrically addressed to produce images. The substrate need not be rigid but can 
be flexible or drapable as disclosed in U.S. Application Serial No. 11/006,100, filed 
December 7, 2004, which are incorporated herein by reference in their entirety. 
Glass, metal, polymer, paper and fabric or textile can all be used as substrate 
materials. The substrate is a generally thin layer, but is often significantly thicker 
than other components of the display. As defined herein and consistent with U.S. 
Patent No. 6,788,362 owned by Kodak, a substrate is a layer that has a thickness of 
at least 20 microns and, in particular, at least 50 microns. Substrates of liquid crystal 
displays on the market today can have a thickness of 100 microns or more and 
substrates such as fabrics can be substantially thicker exceeding 1000 microns. The 
substrate can be formed of or have various components attached to it such as 
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electrodes, an active matrix backplane, solar cell, photovoltaic device and the like. 
The present invention is usable in connection with displays employing one, two, or 
more substrates. A casting layer as defined herein is a film layer of the inventive 
multilayer film applied on or near the release liner on which other film layers of the 
display may be printed or coated. The invention may employ various layers that 
function as casting layers including a preparation layer, electrode layer, adhesive 
layer, planarization layer, liquid crystal layer, isolation layer and combinations thereof 
as described in the Flexible Display Application and Display Films Application. The 
multifunctionality of the layers of the inventive display film is discussed in more detail 
below. 

[0059] For a full-color display, the three LC layers 31, 32, and 33 each 
reflect different colors (e.g., blue, green and red, respectively). See, for example, M. 
Okada, T. Hatano, K. Hashimoto, Proc. SID, (1019) 1997. D. Davis, K. Hoke, A. 
Khan, C. Jones, X.-Y. Huang, J. W. Doane, Proc. IDRC, (242) 1997. See also U.S. 
Pat. Nos. 6,377,321 B1 and 6,654,080 B1, herein incorporated by reference in their 
entireties, for examples of similar displays. 

[0060] By utilizing gray scale functionality, possibly providing up to 256 
or more shades of "gray" for each LC layer by utilizing various driving methods (see, 
for example, U.S. Pat. No. 5,453,863, incorporated herein by reference) many colors 
might be provided. Because the colors are seen in a serial, stacked manner, the 
color may appear more "pure" and less pixilated than current side-by-side displays, 
even improving upon the perceived resolution of the image. 

[0061] The reduced driver stacked system shown in Fig. 5 can be 
updated in stages. That is, one LC layer can be addressed at a time, taking up to 
three stages (steps) to entirely update a pixel. Each LC layer can be considered a 
"sub-pixel" with each pixel being made up of three sub-pixels in a three-primary color 
arrangement. While one LC layer (i.e., sub-pixel) is addressed and its state updated, 
the other layers are maintained in their current state by creating the appropriate net 
voltage between them (typically zero), and each layer is thereby updated in turn. 
The other sub-pixel layers can be changed with the layer that is being addressed as 
long as they have not been updated yet. That is, if the top sub-pixel is being 
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updated first (with the intention of subsequently updating sub-pixel layers two and 
three), it does not matter if the content of the bottom two sub-pixel layers change or 
are corrupted, as they will be addressed next. 

[0062] This sequence is shown schematically in the series of sketches 
of Figure 6. In the first step 60A, electrodes 51 and 52 are selected, providing a 
chosen voltage difference (such as a pulse, waveform, dc bias, etc.) between them 
that is greater than or equal to the threshold voltage. The desired voltage difference 
depends on the chosen LC material, and is provided by the appropriate driver 
circuitry (not shown). This voltage is used to update the state of LC layer 31 , shown 
as undergoing a transition by its shaded nature. 

[0063] At the same time, the voltages of electrodes 53 and 54 are put 
into a non-select state, which for a bistable LC material would likely be such that the 
net voltage between the electrodes would sum to a zero voltage or a net voltage that 
is less than the threshold voltage. For a bistable LC, electrodes 53 and 54 could be 
driven by the same or nearly the same voltage pattern as electrode 52 to result in 
either a zero net voltage between them or a net voltage that is less than the 
threshold voltage, which for a bistable LC material is capable of maintaining the state 
of LC layers 32 and 33. However, for a non-bistable LC, the voltages of the 
electrodes 53 and 54 would be chosen to maintain the current state of the LC layers 
32 and 33, respectively, which could well result in a non-zero voltage between LC 
layers 32 and 33, with the actual desired voltage depending on the properties of the 
LC material (which may require a particular "maintaining" drive voltage to prevent an 
undesired state change, for example). 

[0064] Next, the second step 60B of FIG. 6 is implemented. In this 
step, the LC layer 32 is to undergo a state change. Thus, a particular voltage 
difference between electrode layers 52 and 53 greater than or equal to the threshold 
voltage is used to effect the state change, and will be implemented according to the 
desired final state of LC layer 32 (again, the voltages applied depend on the LC 
material). 

[0065] However, because no change is desired in layers 31 and 33, 
electrode layer 51 and electrode layer 54 are driven in a non-select state to prevent 
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any change in the state of LC layers 31 and 33. Again, if a bistable LC is chosen, 
and a zero-voltage difference or a net voltage difference that is less than the 
threshold voltage is desired across LC layers 31 and 33, then electrode layer 51 is 
driven to the same or similar voltage as electrode layer 52, and electrode layer 54 is 
driven to the same or similar voltage as electrode layer 53, resulting in a net voltage 
difference between them that will not result in a state change in the LC material 
between them, which maintains the states of the LC layers 31 and 33. 

[0066] Again, different LC materials can be supported (such as non- 
bistable materials) by driving the voltages of the electrode layers 51 and 54 to 
provide the proper maintenance voltage between layers 31 and 33. 

[0067] Finally, step 60C of Fig. 6 is carried out. LC layer 33 is updated 
by providing the proper voltages to electrode layers 53 and 54 above threshold 
voltage, while electrode layers 51 and 52 are put into a non-select state (which for 
bistable LCs would likely be driving the electrode 51, 52 voltages to the same or 
similar levels as electrode layer 53, thus resulting in a net voltage across the 
maintained LC layers too low to cause a state change). 

[0068] A simple system as in Figure 6 can likely apply a net zero 
voltage across layers that require no state change. However, for a multiple pixel 
system such as a typical passive matrix display, the layers that are intended not to 
be changed typically cannot be driven to the exact voltage as the layer being 
addressed. In the practical case, for the "non-select" state, the net voltage is 
typically not zero across the liquid crystal, but is designed to be less than the 
threshold voltage and thus, no change occurs as in the net zero voltage case. 

[0069] As discussed above, for a bistable LC design, the LC layer to be 
updated is provided with a voltage difference between the electrodes required to 
implement the desired state, while the remaining layers are put into a "non-select" 
mode so as to maintain their state. Thus, for bistable designs (e.g., using ChLC 
materials), typically, a net voltage that is less than planar-focal conic transition 
threshold voltage is provided. However, many different LC material implementations 
could be accommodated by choosing the proper drive voltage scheme to provide the 
proper maintenance voltages, depending on the chosen material. 
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[0070] Typically, for passive matrix drive schemes, in order to set a 
particular pixel, a row voltage drive mode provides a certain voltage signal, and a 
column voltage drive mode provides a different voltage signal, the difference 
between the two signals being important for setting the pixel state. Refer to "Driving 
Method for Polymer Stabilized and Polymer Free Liquid Crystal Displays," US patent 
5,644,330 to Catchpole, Yuan, Lu, Huang, herein incorporated by reference. These 
voltages are typically used to drive a row and a column, respectively, which intersect 
at a single pixel and set that pixel state. 

[0071] Figure 12 provides one example of voltages useful for driving a 
display such as shown in Figure 8. Again, as discussed above, the use of the terms 
"row" and "column" are relative, and can be interchanged. The row waveform (also 
called the "common") provides either a "select" 103 or "non-select" 106 type of 
voltage waveform. A "row select" waveform enables the row of pixels to be 
addressed because the phase of the "row select" waveform is such that, when 
combined with the "column select" waveform, the resulting pixel waveforms are of a 
voltage magnitude high enough to induce a state change (see 104). Conversely, the 
"row non-select" waveform has a phase relationship which, when applied along with 
a "column non-select" waveform 102 on the opposite electrode, will not cause a state 
change in the pixels (see 108). Similarly, combining a "row select" waveform 103 
with a "column non-select" waveform 102 will result in a pixel non-select waveform 
105. Combining a "row non-select" waveform 106 with a "column select" waveform 
101 will result in a non-select waveform 107. This is the standard passive matrix 
addressing scheme used today. 

[0072] This invention extends this traditional addressing method by 
utilizing the fact that there are other combinations of electrode waveforms that can 
be applied to the display that also result in no pixel change. As previously described, 
the most common method is to apply a Row Non-Select waveform to one set of 
electrodes and column data waveforms to the other perpendicular electrodes. This 
will result in net waveforms shown in Figure 12 labeled "Select Data" and "Non 
Select Data". In either case, the magnitudes of the resulting waveforms on the pixels 
are not high enough to cause a pixel state change. However, it is also possible to 
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get resulting waveforms of zero volts by applying a "Row Non-Select" waveform to 
both of the perpendicular electrodes. If the same waveform is applied to the rows 
and columns, the resulting voltage on the pixels will be net zero volts. 

[0073] For example, referring to Fig. 12 as applied to a bistable, 
cholesteric display, the Pixel Select waveform 104 is applied to a pixel to drive it to 
the bright (planar) state. The Pixel Non-Select waveform 105 is applied to a pixel to 
drive it to the dark (focal conic) state. 

[0074] The Pixel Select waveform 104 has a sufficiently high magnitude 
to drive the pixel to a Homeotropic/ planar (bright) state while the Pixel Non-Select 
waveform 105 has a magnitude that will drive the pixel to the focal conic (dark) state. 
Typically, the entire display can also be reset to the focal conic state at the beginning 
of the update (i.e., a "bulk erase"). More generally, however, both waveforms 104 
and 105 are capable of inducing a state change. 

[0075] In contrast, the Select Data and Non-Select Data waveforms, 
107 and 108, respectively, are applied to all of the rows that are non-selected (not 
being addressed). The magnitude of both of these waveforms is the same or similar, 
and is sufficiently low enough to not cause any change in pixel state. The 
waveforms differ in phase only depending upon if the column waveform is a Column 
Select 101 or a Column Non-Select 102 waveform. 

[0076] Each primary color pixel in traditional display technologies 
(which are side-by-side) can be treated as a separate pixel, and be independently 
addressed. However, such designations as "row" and "column" as used herein are 
purely arbitrary in the invention, because they could be interchanged with each 
other. 

[0077] Nevertheless, such drive modes can be partially applied to the 
stacked display, except that the color "pixels" are stacked and share electrode 
layers. Therefore, the scheme must be modified to accommodate this change, such 
as addressing the color layers in sequence. 

[0078] For example, in one embodiment, the top and bottom drivers 
driving electrode layers 51 and 54, respectively, are always driven in a row (or 
alternatively, column) voltage mode configuration when selected. The middle two 
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drivers driving electrode layers 52 and 53, when selected, can change their drive 
mode according to which layer is targeted for addressing. Thus, the layer being 
addressed is driven using standard passive matrix techniques while the remaining 
two layers are placed into a non-select mode so that their content will not be 
affected. As mentioned, this is only one embodiment. Layers 51 and 54 need not 
always have row waveforms such as mentioned in 2(c) below. 

[0079] Applying the above technique to the embodiment of Figure 6 
using a bistable LC material that maintains its state in the presence of a zero voltage 
field results in the following sequence of events to set the pixel to the desired final 
state: 

1 . Addressing the first LC layer 31 in step 60A of Fig. 6: 

a. Electrode layer 51: Select — Row voltage mode; Here, one-by-one, the 
row electrodes in layer 51, in turn, will apply a "Row Select" waveform 
while the other row electrodes in layer 51 apply a non-select row 
waveform. 

b. Electrode layer 52: Select — Column voltage mode; These waveforms, 
shown in Figure 12 as "Column Select" and "Column Non-Select", will 
change or maintain, respectively, the states of the actual sub-pixels in 
the layer 51 selected row while not affecting the sub-pixels in the layer 
51 non-selected rows. 

c. Electrode layer 53: Non-Select — Voltage mode in phase with layer 
52/54; Here, it does not matter if the sub-pixel states in this layer 32 
are modified, as they will be addressed later in step 2. However, the 
pixels here will not be changed if the non-select row voltage 
waveforms, labeled "Row Non-Select" in Figure 12, are applied to this 
electrode layer 53. This will result in magnitudes of sub-pixel voltage 
waveforms on this layer that are not sufficiently large enough to change 
the existing states of the sub-pixels. 

d. Electrode layer 54: Non-Select — Voltage mode in phase with layers 
52/53. This layer will receive the "Row Non-Select" (106) waveforms of 
Fig. 12. The net result on the pixels in this LC layer 33 will be near 
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zero volts (see 107, 108). As such, the content of this layer will not 
change. However, as with the LC layer 32, it is not necessary for this 
layer not to change as the intention is to address this layer in step 
number three. 

2. Addressing the second LC layer 32, step 60B of Fig. 6: 

a. Electrode layer 51: Non-Select— Voltage mode in phase with layer 52. 
The current sub-pixel state achieved in step one is maintained here. 

b. Electrode layer 52: Select— Column voltage mode; The column 
waveforms applied here reflect the desired image content for the 
subpixels for layer 32. 

c. Electrode layer 53: Select — Row voltage mode; Here one of the 
electrodes, in turn, will apply a "Row Select" waveform while the other 
electrodes in this layer apply a row non-select waveform. The sub- 
pixels in the row that receives the "Row Select" waveform will be 
addressed to the states determined by the column waveforms of 
electrode layer 52. 

[[c.]]d. Electrode layer 54: Non-Select— Voltage mode in phase with 
layer 53. As this layer is intended to be addressed in the third step 
(60C of Fig. 6), it is not a concern if the sub-pixels in this layer 33 are 
affected during this step. If it is desired to maintain the sub-pixel state 
in layer 33 while layer 32 is addressed, the appropriate column 
waveforms can be applied to layer 54. Thus, the system could then 
effectively address layer 32 and layer 33 at the same time and possibly 
with different image content. This would then eliminate the need for 
step three below as now all three layers of the stack system have been 
addressed. However, due to display controller limitations involved with 
handling two sets of image column data simultaneously, it is also 
possible to address the third layer separately per step 3. This is 
performed by layer 54 alternatively having Row Non-Select voltage 
waveforms. These waveforms will destroy the image content on layer 
33 but will consume minimal power. This alternative will force the 
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addressing of the third layer (step three) whereas the original method 
leaves this optional as the image content is still valid. 
3. Addressing the third LC layer 33, Fig. 6, step 60C: 

a. Electrode layer 51: Non-Select — Voltage mode in phase with layers 
52/53; 

b. Electrode layer 52: Non-Select — Voltage mode in phase with layers 
51/53; 

c. Electrode layer 53: Select — Column voltage mode; 

d. Electrode layer 54: Select — Row voltage mode. 

[0080] In the above scenario, the non-selected electrode layer voltage 
drive mode such as in step 1(d) is chosen to provide a net zero or near zero voltage 
field across the LC layer not being addressed (and thus not undergoing a state 
change), and therefore the non-selected electrodes can be driven in phase with the 
electrode layer on the opposite side of that LC layer. This results in the desired 
near net zero voltage across the LC layer whose state is to be maintained (i.e., not 
changed). Similarly, the non-selected electrode layer voltage drive mode can be 
combined opposite of a column drive voltage layer such as in step 1(c) to achieve a 
desired net voltage across the LC layer whose magnitude is not sufficient to cause a 
state change. The actual sequence is arbitrary, but in this embodiment one LC layer 
is addressed at a time, whereas the electrode voltages described for that step are 
applied concurrently. 

[0081] In some embodiments or drive modes, one particular sequence 
might be advantageous over another (such as for reducing cross-talk effects, for 
example). Finally, the drive voltage mode can be independent of the geometric 
layout of the electrode layer. Thus, whether a layer is ultimately to represent a "row" 
or a "column" in the display is arbitrary, and the driver mode need not necessarily be 
restricted to a corresponding "row" or "column" voltage. In fact, in the above 
embodiment, the driver voltage mode changes depending on the LC layer being 
addressed (for example, in step 2, electrode layer 53 is driven with a row drive 
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voltage mode whereas in step 3, electrode layer 53 is driven with a column drive 
voltage mode). 

[0082] For a passive matrix display utilizing a bistable ChLC, for 
example, during the addressing of the first (top) LC layer 31 (a blue sub-pixel, for 
example), this LC layer achieves pixel voltages created by the differential between 
the "column" voltages applied to the upper middle electrode layer 52 and the "row" 
voltages applied to the top electrode layer 51 . These voltages are provided such that 
their difference is sufficiently above the switching threshold voltage of the material to 
allow the selected pixels to switch to the appropriate state. The display is addressed 
by selecting the appropriate "rows" to be updated (out of phase with the column 
drivers) and placing the other "rows" and/or "columns" in a non-select mode (e.g., in 
phase with the column drivers). This is the typical passive matrix driving sequence 
performed by a display such as that disclosed in Reference Driving Method for 
Polymer Stabilized and Polymer Free Liquid Crystal Displays US patent 5,644,330 to 
Catchpole, Yuan, Lu, Huang, incorporated by reference. 

[0083] During this first LC layer 31 addressing, the second LC layer 32 
(a green sub-pixel, for example) has its row driver non-selecting all of its "rows" (for 
example, by matching the corresponding "column" voltages of the upper middle 
electrode layer 52). This prevents any pixels in the second LC layer 32 from 
receiving voltages above the switching threshold, thus maintaining their current 
state. At this same time, the third LC layer 33 (e.g., red sub-pixel) is driven with non- 
select voltages on both of its electrode layers 53, 54 (again, by matching the column 
voltages of the first LC layer). This gives the pixels in the third layer no voltage as 
the row non-select waveforms cancel out. 

[0084] For addressing the second (middle) LC layer 32 (e.g., green 
sub-pixel), a pixel is addressed by conventional passive matrix techniques in which 
the "rows" to be addressed are selected by the row driver driving the lower middle 
electrode layer 53, for example. The column driver provides the image content (pixel 
data) to the upper middle electrode layer 52. The first and third LC layer's content is 
preserved by placing all of its "row/column" drivers into a non-select mode (i.e., by 
the top electrode layer 51 matching the "column" voltage of the upper middle 
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electrode layer 52 and by the bottom electrode layer 54 matching the lower middle 
electrode layer 53 "row" voltage). 

[0085] When addressing the second LC layer, the other LC layers may 
receive some undesired crosstalk due to stray voltages. For example, the third LC 
layer 33 (red sub-pixel) will likely receive some cross-talk as the middle display 
updates. However, this is typically not a concern as its content will be addressed in 
the next step in the sequence. 

[0086] The third (bottom) LC layer 33 (red sub-pixel) is addressed 
using typical passive matrix techniques while the top and middle display layers 
maintain their previously addressed content, in a manner similar to that described 
above. The first LC layer 31 will see no net voltage as both of its electrode layers 
can be set to the same drive voltage (in phase). The second LC layer will only see 
voltages below the switching threshold as its electrode layers are placed in non- 
select mode. Accordingly, by processing each pixel according to the above 
sequence, each individual pixel can be updated and thus the entire display can be 
updated. 

[0087] The described sequence can be equally successful using 
different orders of addressing. That is, the technique does not require the first- 
second-third (top-middle-bottom) sequence. Other sequences can be implemented 
in a like manner as would be apparent to those skilled in the art in view of this 
disclosure. 

[0088] The invention as described above allows the different display 
layers to share driver electronics while preventing cross-talk to the layers that are not 
being addressed to avoid state transitions in layers where such transitions are not 
desired. The above method can be extended if multiple layers can be driven with the 
same parameters. For example, if the Green layer (second/middle LC layer in the 
example) and Red layer (third/bottom LC layer in the example) share the same drive 
parameters, they can be addressed at the same time. This then only leaves the blue 
layer to be addressed in a second scan, which can speed up the update process. 
Further, in some scenarios, all three layers might be updated simultaneously. For 
example, if they are all to be set to the same shade, the electrode layers could 
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alternate row/column drive voltages to set the entire pixel at the same time. Finally, 
it would even be possible, under some scenarios, to update two or more layers 
simultaneously, even if they have different drive parameters, by proper manipulation 
of the drive voltages, such that each LC layer sees the proper voltage difference. 

[0089] The above process can be demonstrated by the following 
sequence, referring back to Figures 5 and 6. To update the second and third LC 
layers 32, 33 simultaneously, electrode layer 52 is selected, and driven by, for 
example, a column voltage, electrode layer 53 is selected and driven by a row 
voltage, and electrode layer 54 is selected and driven by a column voltage. Finally, 
electrode layer 51 is non-selected, and thus driven by the column voltage matching 
the layer 52 driven voltage, for example. In this manner, LC layers 32, 33 are 
updated because they see a voltage difference, but LC layer 31 is not. By adjusting 
the voltages of the various layers, it is not necessary that LC layers 32 and 33 see 
the same voltage difference, and hence they could be updated to different shades. 

[0090] The control of these shared electrode drive methods can be 
achieved by using commercially available display drivers that have both row and 
column drive functionality. These drivers can switch operation modes by setting 
input configuration pins on the devices. Thus, after an addressing sequence, the 
display controller would modify the driver chip configuration settings as necessary to 
accommodate the desired waveforms for the next updating stage. 

[0091] To utilize the above driver, the driver IC configuration setting 
and the logic signals that are provided to the IC are modified. That is, these types of 
driver ICs require different logic signals depending upon the mode setting (row or 
column mode). For example, in column mode the drivers usually require an eight bit 
wide data bus, while the same driver configured in row mode typically will only 
require one serial data input. These types of input logic requirements that change 
with mode configuration can be accommodated by switching the logic signals applied 
to the drivers at the same time as the configuration mode is changed. 

[0092] The details of the logic functions that must be switched is driver 
design dependant, but can be accommodated with switch banks or configurable 
controller outputs. Similarly, the voltage levels supplied to the driver ICs will also 
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change when the mode changes. Because the column waveforms and row 
waveforms use different voltage inputs, these can be actively switched when the 
mode is changed between row and column functionality. This can be 
accommodated with analog switches which appropriately select the correct voltage 
input levels depending upon mode configuration. 

[0093] In a system where the LC layers are separated by conducting 
electrodes (which may or may not include isolation or electrically insulating layers 
(e.g., films)), the layers are desired to be sufficiently thin enough not to significantly 
attenuate the drive voltages. This can enable design of a display system with a four 
edge interconnect. 

[0094] An example is a display system built from multi-layer thin film 
deposition, as shown in Figures 7A, 7B, and 8. In this case, the display device of 
Figure 8 is built of multiple layers, with a transparent protective layer 61 of glass or 
other suitable material such as polymer, for example, and the LC material 71 on a 
substrate 69. 

[0095] As shown in more detail in Fig. 7B, the LC material 71 is made 
up of three LC layers 31 A, 32A, and 33A, each between a pair of electrode layers 
51 A, 52A, 53A and 54A. The display of Figure 7B is made of six LC sub-layers, 31 B, 
31 C; 32B, 32C; and 33B, 33C. Two sub-layers of LC are coated between adjacent 
electrode layer and can be driven together. Typically, the LC sub-layers of each LC 
layer are similar such as both reflecting the same color but with different reflecting 
handedness (right-handed light reflecting or left-handed light reflecting) to optimize 
brightness. Because both LC sub-layers between adjacent electrode layers (e.g., 
31 B, 31 C) are so similar, they can use the same drive parameters (voltage amplitude 
and pulse width). The electrode layers may be formed on or integrated with, 
substrate materials. 

[0096] Figure 8 further shows a possible construction of the electrode 
layers 51 A, 52A, 53A, and a layer 54B that is deposited on a bottom substrate layer 
69A, instead of the discrete layer 54A shown in Fig. 7B. 
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[0097] The manufacturing process can be accomplished starting with 
the bottom electrode layer 54B on a bottom substrate material 69A. This system can 
be understood by the following layer descriptions relating to Figure 8. 

[0098] The bottom substrate 69A has rugged interconnect pads 70 
formed thereon which provide means to electrically connect drive circuitry to the 
display electrodes. These pads 70 can be made from patterning ITO on the 
substrate 69 A. 

[0099] Conductive electrode lines 66 can then be printed or deposited 
as the bottom electrode layer 54B directly onto the bottom substrate 69 so that they 
overlap a portion of the ITO electrode pads 70B. This allows connectivity between 
the ITO pads 70B and the conductive traces of the bottom electrodes 54B. An 
exemplary material for making the electrodes could be a conductive polymer, carbon 
nanotubes or a deposited metal (e.g., ITO). The appropriate voltages used to 
achieve the planar and focal conic textures are dependent on the compositions and 
thicknesses of the layers of the display. Suitable such voltages may be selected by 
one of ordinary skill in the art in view of the particular characteristics of the display 
layers. 

[0100] The printed bottom electrodes 66 in layer 54B should not 
overlap the entire ITO pad. Enough ITO pad should be exposed for external 
interconnection of drive circuitry. It is possible that the conductive traces might not 
be rugged enough to provide interconnect to the external drive electronics. To 
address this issue it may be suitable to apply the ITO etched pads 70 first. 

[0101] The liquid crystal (third/bottom) layer 33A shown in Figure 7B is 
then deposited as by printing or coating on top of the bottom electrodes 54B. 
Multiple LC layers of different optical properties can be used as demonstrated in 
Figure 7B (sub-layers 31 B & 31 C making up LC layer 31 A; sub-layers 32B & 32C 
making up LC layer 32A; and sub-layers 33B and 33C making up LC layer 33A, for 
example). 

[0102] Thin isolation or electrically insulating films can be placed 
between adjacent liquid crystal layer(s), between liquid crystal sublayers and 
between electrode layers and liquid crystal layers, if desired as disclosed in the 
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Display Films Application. This step is optional as in some cases it may not be 
necessary to provide a physical separating layer between the layers of encapsulated 
liquid crystal depending upon their solubility with each other and electrical insulation 
properties of the liquid crystal layers. This is the same principle that optionally 
enables two layers of liquid crystal to be stacked on each other as shown in Figure 
7B by the layers labeled "3xB and 3xC", respectively, where x is 1, 2, or 3. 

[0103] A next layer of conducting material is then deposited as by 
printing or coating onto an optional isolation or electrically insulating layer 67 forming 
electrodes 66, so as to create a lower middle electrode layer 53A. The direction of 
the electrode lines 66 are placed parallel to each other and perpendicular to the lines 
of the layer of electrodes immediately underneath to create the passive matrix 
structure. The electrode deposition continues down one side of the stack and 
overlaps a portion of the ITO bonding pads 70A via links 68 as shown in Figure 8. 

[0104] The LC and electrode layer steps described above can be 
repeated to create the additional display layers. Fabrication of the inventive films 
can be carried out directly on the substrate as disclosed in the Flexible Display 
Application or by preparing, curing and lifting from a release surface and then 
transferring to the substrate (e.g., substrate 69A) as disclosed in the Flexible Display 
Application and Display Films Application. Figure 7B demonstrates three different 
LC layers 31 A, 32A, and 33A. Fig. 7B demonstrates four electrode layers 51 A, 52A, 
53A, and 54A with LC color layers 31 A, 32A, and 33A (each made of two discrete LC 
layers as described above). The electrode layers 52A and 53A are shown having 
isolation or electrically insulating layers on both sides thereof. Fig. 8 also 
demonstrate four electrode layers 51 A, 52A, 53A, and 54B terminating on all four 
sides of the bottom substrate 69A. LC layers would be placed between electrode 
layers 51A/52A, 52A/53A, and 53A/54B, for example. Figure 9 shows the lower 
electrode layer 54B as seen from an overhead view, with electrode lines 66 on the 
substrate 69, also showing the pads 70. 

[0105] It is possible to provide protection to the display system by 
placing a transparent cover layer 61 on the assembly as shown in Figures 7B and 8. 
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This could be glass, flexible plastic, or simply a laminated protective polymer cover 
layer formed as by printing or coating on the underlying layer. 

[0106] Each of the electrode lines 66 for each electrode layer shown in 
Figure 8 will terminate on an edge of the display bottom substrate, typically with 
electrode lines from each electrode layer terminating on a different edge so that 
electrode lines from the same layer terminate on the same edge. This design 
enables the elimination of display interconnect materials as the display can be 
directly bonded to a common drive circuit. This is typically not possible when driver 
electrodes are facing opposite directions as with typical display systems. 

[0107] The display system has the ability to be designed to be viewed 
from either the top or the bottom of the stack, by making the substrate 69, protective 
layer and electrode layers upstream of the lower liquid crystal layer in a direction of 
incident light, transparent. The unique interconnect system allows either side of the 
display to be the viewing side. Thus, the display system could be flipped over and 
bonded directly to a flexible drive circuit. This eliminates a set of interconnects that 
are required for traditional display systems. This is possible due to the flexibility of 
the substrate and the fact that all of the electrodes face the same direction. 

[0108] These two types of interconnection methods are shown in 
Figures 10 & 11. The methods and systems described herein are demonstrated 
using a triple stack configuration of Fig. 8, for example. However, a two LC display 
stack system can utilize these techniques as well as display systems with more than 
three LC layers. This becomes likely when considering display systems combining 
LC layers of visible and infra-red wavelengths such as a four LC layer stack display 
system of red, green, blue and IR LC layer. This can also be extended to multiple 
layers of IR where the multiple layers reflect different wavelengths of IR light. 

[0109] The display of Fig. 10 includes multi-layer LC display stack 60 
supported on a flexible PCB with drive electronics 85. Copper bonding pads 82 and 
84 are formed on the PCB 85. Display ITO pads 70A, 70C are formed on the display 
60. Flexible electrode interconnect films 81 , 83 are each bonded to the ITO pads on 
one end and to the copper bonding pads on the other end. The display is viewed in 
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the direction of the arrow; to this end various components are made suitably 
transparent. 

[0110] The display of Fig. 11 includes the multi-layer LC display stack 
60 supported on the flexible PCB with drive electronics 85. Display ITO pads 91 are 
formed on the display. Copper bonding pads 92 are formed on the PCB 85. In this 
design the display is flipped 180 degrees relative to Fig. 10 and does not require 
flexible interconnect material. The ITO pads are bonded directly to the copper 
bonding pads. The display is viewed in the direction of the arrow; to this end various 
components are made transparent, 

[0111] When implementing this invention the same general design 
guidelines apply to the conductive electrodes as for a conventional passive matrix 
display. Specifically, the design of the row and column electrodes should be 
sufficiently low enough in resistance to maintain the desired voltage across the 
display. That is, the voltage at the driving source of the electrode shall not differ 
significantly in magnitude from one end of the electrode to the other. This situation 
must be considered during the current flow condition while charging and discharging 
of the pixel capacitance across the electrode. In practice there is always a 
resistance associated with the electrode so there will always be a voltage differential 
along the electrode. This differential must be kept small enough to not cause pixels 
at one end of the electrode to switch to different states than the pixels at the other 
end near the voltage source. 

[0112] The invention has been described hereinabove using specific 
examples; however, it will be understood by those skilled in the art that various 
alternatives may be used and equivalents may be substituted for elements or steps 
described herein, without deviating from the scope of the invention. Modifications 
may be necessary to adapt the invention to a particular situation or to particular 
needs without departing from the scope of the invention. It is intended that the 
invention not be limited to the particular implementation described herein, but that 
the claims be given their broadest interpretation to cover all embodiments, literal or 
equivalent, covered thereby. 



